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Abstract. Abriefreviewis given of the current understanding of the electronic structure, transport
properties and the nature of the electronic states in disordered systems. A simple explanation for the
observed exponential behaviour in the density of states (Urbach tails) based on short-range Gaussian
fluctuations is presented. The theory of Anderson localization in a disordered system is reviewed.
Basic concepts, and the physics underlying the effects of weak localization, are discussed. The
scaling as well as the self-consistent theory of localization are briefly reviewed. It is then argued
that the problem of localization in a random potential within the so-called ladder approximation is
formally equivalent to the problem of finding a bound state in a shallow potential well. Therefore
all states are exponentially localizeddn= 1 andd = 2. The fractal nature of the states is also
discussed. Scaling properties in highly anisotropic systems are also discussed. A brief presentation
of the recently observed metal-to-insulator transitiod i 2 is given and, finally, a few remarks

about interaction effects in disordered systems are presented.

1. Introduction

In a simple perfect crystal, all atoms are identical and arranged periodically in space.
This periodic arrangement constitutes perfect, long-range translation order. An immediate
consequence of this perfect periodicity is that there are universal features in the electronic
structure of crystals. The most important of these are energy bands separated by gaps, crystal
momentum as a good quantum number and the fact that states are plane waves modulated by the
lattice periodicity. These universal features form the basis of Bloch’s theory of electron states
in a perfect periodic lattice. Although this basic theory of perfect crystals with non-interacting
particles can explain only a few observable properties of solids, it provides the conceptual
foundations for most of solid-state physics, if it is supplemented by a kinetic theory in which
the electrons interact with one another and with imperfections of different types in the lattice.
Disordered materials lack the periodicity of the crystals. Accordingly, one might expect that all
those universal features of crystalline materials dependent upon their translational symmetry
would disappear as well. However, there might possibly also exist corresponding universal
features in the electronic structure of disordered materials. If so what are they? Are they any
different than those of crystalline materials?

It was the publication of Anderson’s classic paper ‘Absence of diffusion in certain random
lattices’ in 1958 [1], which treated the motion of an electron in a random potential due to the
disorder outside the framework of Bloch’s theory, that revolutionized the field of disordered
systems over the last 30 years. This is known as the Anderson localization problem. If the
disorder is weak, the wavefunction will look like a plane wave on a short length scale and,
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of course, it will show the effects of scattering by the random potential on a long length
scale. The distance over which the phase of the wavefunction deviates appreciably from that
of the plane wave is called the mean free path. As the disorder is made stronger, amplitude
fluctuations at scales considerably larger than that of atomic size start to appear and eventually
eigenstates whose amplitudes decay exponentially away from a centre, called localized states,
are created. Physically, one expects states to become localized when the mean free path
becomes comparable to the wavelength. The central question in the Anderson localization
problem is precisely how the localized states evolve from extended states as the disorder
increases. The study of Anderson localization [2—4] over the last 30 years has led to new
concepts such as wavefunction localization, mobility edges and fractal wavefunctions, and to
a different way of describing materials. It also marked the first significant departure from the
philosophy (Bloch’s theorem and perturbation theory) that had dominated solid-state physics
until then. These new concepts and ideas have expanded into many fields beyond the electronic
structure of matter and research into the physics of disordered systems has seen a considerable
growth in the last decade.

The approach taken here is to review the universal features of perfect and imperfect
crystals, observing the effects of increasing disorder on the electronic structure. We then
discuss the nature of disordered materials and present a simple model that illustrates the main
characteristics of the electronic structure. The focus is on the universal features of these
models and their consequences for amorphous semiconductors. Simple arguments are given
showing that continuous bands of extended states with tails of localized states associated
with fluctuations within the disordered material can always be expected. The significance of
the disorder-induced localization transition will be discussed. At the mobility-edge energy,
the character of the wavefunctions changes abruptly even though the eigenvalue spectrum
is continuous. Exactly at the mobility edge the electron states are fractal [5] in nature. The
probability distribution of the conductance at the critical point [6] is of fundamental importance.
The question of the dimensionality dependence of the Anderson transition and the energy
dependence of the tails in the density of states (Urbach tails) will also be reviewed. We
shall apply the general theoretical results to binary alloys, quasi-periodic systems and model
systems with different types of disorder. We shall also discuss the localization behaviour of
the Anderson model and the scaling properties of highly anisotropic disordered systems [7].
Experimental evidence [8] will also be given that supports the localization transitibe=-i2
strongly interacting disordered systems. In conclusion, we shall summarize the present state
of the field and indicate some unsolved problems.

2. Disordered crystals

Let us consider what happens if we have a finite concentration of randomly distributed
impurities of equal potential strength (positional disorder). Here, the disorder is due to the
spatial distribution of the scatterers. One can also have a disordered system if a particle
moves on a regular lattice, but the energy level at every lattice point is randomly distributed
(substitutional disorder). The disorder will affect the density of states (DOS) as well as the
wavefunctions. In general, the wavefunction for a perfectly periodic potential can be written
as

Y(r) = A(r)e?™ 1)

where the amplitudei(r) is a periodic function ofr and the phaseé (r) exhibits perfect
phase coherence and is givenggfr) = k - r. For a disordered system both the phase and
the amplitude of the wavefunction will be affected. When the disorder is wealk, it is usually
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assumed that the amplitude is essentially unaffected, while phase incoherence appears

(expli(p(r) —pO)]) ~ e "V* )
i.e. the memory of the value of the phase at a given poistlost after the wave propagates
a distance greater than or equal to a characteristic length, called the phase coherence length,
which is of the same order of magnitude as the mean freefpdthe scattering of the particles
off the impurities implies a finite collision time and thereby a finite mean free pdth- ver,
wherevr is the appropriate Fermi velocity. If the disorder is strong it will affect not only the
phase but the amplitude as well. The wavefunctions then exhibit strong amplitude fluctuations
of various spatial extents. It is possible to have even stronger disorder suct(that> 0 as
r — oo (usually in an exponential way). We shall first discuss the effects of the disorder on
the DOS, then on the wavefunctions and finally on the conductance.

2.1. Effects on the density of states

In the case of the perfect crystal the corresponding one electron enérgiest, (k) fall

into continuous bands of allowed levels separated by forbidden gaps. The énh&kgyis a
continuous analytic function df within each band. There are well-defined band edges which
correspond to the absolute minimum or maximumeohs a function ofk for each band.

The DOS has square-root singularities at these edges. For the case of a single impurity in an
otherwise perfect crystal, the sharp band edges as well as the square-root singularities associated
with saddlepoints within the band remain. The new feature in the DOS is the introduction of
impurity states in the gap which can broaden into bands if the concentration of the localized
impurities is increased. The other effect that the finite concentration of impurities has on the
DOS is that of rounding off the square-root singularities in the band. As the concentration of
the localized impurities still increases one might question the whole band picture. However,
there are some experimental observations which suggest that the main features of the band
picture must still be preserved. In particular, ordinary window glass [9], which is a disordered
system, is transparent to visible light and hence must have a band gap of several eV, otherwise
the photons would be absorbed and it would appear opaque. The reason why the band picture
is still valid is that short-range order is still present in disordered systems. This local order
still gives rise to bands and gaps reflecting the energy-level structure of a corresponding small
molecule. However, the absence of long-range order has the effect of smearing out the band
edge into tails. Inthe next section we shall study these tails which are commonly called Urbach
tails. As will be discussed later, the electron states in the band tails are not the same as those
within the band. The tail states are localized and hence electrons in those states have a very
low mobility compared with those in the bands. As we shall see from the next section, the tail
states are, in general, associated with fluctuations.

2.2. Urbach tails

It is widely accepted that the introduction of disorder caused tails to appear at the band edges
in the DOS. In a systematic and thorough study, Urbach documented [10] the existence of
exponential tails in the optical adsorption of ionic crystals in 1953. Since Urbach, such
exponential tails have been found in a wide range of materials, both in the optical absorption
and in the DOS of individual bands [11]. The rather general character of the exponential
tails in the DOS suggests a quasi-universal mechanism that bypasses the complexity of real
materials. Inthe quest to uncover such possible underlying quasi-universality we have reached
the conclusion that the behaviour of the DOS near the band edge can be easily understood [12]
from the following picture.
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An electron moving in a disordered system can be described by a Hamiltonian of the form
H = Hy + H; where Hy is a nhon-random part which is assumed soluble Bads random
with (H;) = 0. For a typical disordered systeHy allows us to obtain the unperturbed DOS
po(E) and the unperturbed Green’s functi6g(E); Go(E) can be expressed as an integral of
po(E")/(E — E’). The random part; can be expressed in terms of some matrix elemgnts
which are random variables possessing probability distribytien. To a first approximation,
all we need to know fronp(e;) is its variancew? and its form in the tail. In most cases, due to
the many independent sources of disorder, one expects the distripéiono be Gaussian

1 2 2
P = exp(—e€’/2w?) . 3)

Note also that lattice oscillations produce fluctuating time-dependent local potentials with
a Gaussian distribution and with an extent of atomic size. For not so low tempefature
and for fast processes, such as optical absorption, the phonon-induced fluctuations behave
as static and, consequently, they give rise to another independent contribution of the form
given by equation (3). The standard deviation of this contribution can be obtained if the
electron—phonon interaction is known. Therefore, in the presence of both Gaussian static
disorder and phonon-induced fluctuations, one obtains a local contribution of the form given
by equation (3) with a total varianae? given by the sum of the static disorder variancg
and the thermal variance2. The above discussion supports the claim that the tails of the
probability distribution of the local fluctuating potential exhibit, in general, a Gaussian form,
which is characterized by a single parametér

The behaviour of the DOS of a disordered system near the gap can be deduced from the
unperturbeghy(E) with the help of the coherent potential approximation (CPA) [13]. The CPA
is conceptually simple: it replaces the random matrix elemeigappropriately chosen non-
random complex effective matrix elemer® g E). The criterion which allows us to choose
3 (E) is that the actual fluctuations arould £) produce no scattering on the average. This
conceptually simple condition leads to a rather complicated set of equations invely{ig,
from which the conductivityg (E), is determined. In the weak scattering casé $mall) the
CPA reduces to second-order perturbation theory. It is worth noting that the CPA becomes
exact in the limit where the eigenstates are bound around a single large isolated potential
fluctuation; the CPA is also very satisfactory for states extending over a large number of sites.
Itis only in the intermediate case, where the eigenstates are trapped in a cluster of a few sites,
that the CPA fails. CPA (or second-order perturbation theory for smlishows that the
fluctuating local potentia¢; will produce an almost rigid shift of both the valence and the
conduction bands towards the gap by an amount proportionet td hus the gap is reduced
by an amount proportional t@?.

In addition to the almost rigid shift of the DOS both the valence and the conduction bands
develop tails towards the gap (see figure 1). The near tails are dominated by states trapped
in clusters of atomic sites. These cluster-trapped states under normal conditions dominate
over a very narrow range of energies. The deeper tails are usually dominated by single-site
bound states. For a Gaussian probability distribution the single-site bound states produce an
exponential tail in the DOS, which is seen experimentally [11]

p(E) ~ e E/Eo, (4)

Equation (4) is an immediate consequence of the fact that the binding efié@ngysingle
potential well of depthe is approximately [12] a linear function ef, over a wide range of
intermediate values ef.

E ~ C1€2 + by. (5)
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Figure 1. («) One-electron DOS in a random potential.
Localized For weak disorder, there is an Urbach tail of localized
states below the positive-energy square-root continuum
of extended states, which is shifted downwards slightly
by the disorder. &) As the disorder is increased, the
mobility edge eventually moves into the positive-energy
0 Ec E  regime.

Combining equations (3) and (5) one immediately obtains equation (4)Byita 2c1w?.

This exponential behaviour of the DOS could span more than five orders of magnitude.
Moreover, the calculated values of together with the estimates af yield values ofEq

of the order of 50 meV or less, in good quantitative agreement with experiment [11]. Finally,
much deeper into the tail, one obtains [12], as one should, a gradual change in the behaviour
of the DOS which reflects the details of the probability distribution for the disorder.

The simple physical model discussed above gives a clear physical insight into and a
good quantitative account of the Urbach tail. Nevertheless, some of the assumptions of
the model were untested; in particular, the correlation in the random potential was not
considered explicitly. More sophisticated saddlepoint (instanton) evaluation of the replica-
functional-integral representation of the one-electron propagator and the Feynman path-
integral formulation provides a careful treatment of DOS in a correlated Gaussian random
potential [14]. The primary conclusion of this type of work is that the shape of Urbach tails in
disordered materials provides a sensitive measure of the microscopic spatial autocorrelationsin
the random potential. The observed linearity of Urbach tails in a variety of materials suggests
strong short-range order on the scale of the interatomic distance but correlations which decay
more rapidly than exponentially on longer length scales.

2.3. Localization

The interference effects, which on a short length scale are responsible for the fluctuations
in the amplitude of the eigenfunction and the resulting reduction of the conductivity, may,
in addition, force the eigenfunction to decay to zero for very large distances. This decay,
for an infinite system, implies absence of propagation and zero value for the conductivity
(at T = 0) and the diffusion coefficient. It turns out that for one-dimensional systems, all
eigenstateg (x) are localized (which by definition means they are decaying to zero for large
distances) no matter how weak the disorder is (some pathological exceptions do exist) [13].
The decay is exponential and is characterized by the localization lehgtivhich is defined
through the logarithmic average of (x)|. Because the probability distribution of (x)|

has long tails, other averages|gf(x)| would give different values of the decay length, e.g.
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(W @)) ~ exp(—|x|/2L,).

Itiswidely believed [2,3], although no rigorous proof exists, that the critical dimensionality
for the localization problem i = 2 in the absence of magnetic scattering or external magnetic
fields. Ford < 2, any amount of disorder is enough to localize all the eigenstates (pathological
exceptions exist); foel > 2, a critical value of the disorder has to be reached before an
eigenstate becomes localized. Hoe 2, one distinguishes different universality classes. The
main one, characterized by time invariance and absence of spin—orbit coupling, is believed to
have all eigenstates localized no matter how weak the disorder is, as in the 1D case. In the
presence of spin—orbit coupling or external magnetic field [3], a critical value of the disorder
is needed in order to localize an eigenstate, as in the 3D case.

The localization problem in 1D systems has been studied extensively using various
methods [3, 13]. Exact analytical results and very accurate numerical data are available
concerning the energy and disorder dependence of the localization length, and the probability
distribution of various quantities of interest. Of particular interest is the transmission
coefficient, 7, over a disordered segment of lendth The logarithmic average af behaves
as expg—2L/L.) for L/L. > 1, while other averages exhibit a different behaviour (e.g.
(T7Y) = 12[1 + exg4L/L,)], while (T) ~ (L./2L)*?exp(—L/2L.). This is a result of
the long tails in the probability distribution @ due to very sharp resonancesZirversuse
(whereT approaches almost unity). These resonances become exact localized eigenstates in
the limit asL — oo.

2.4. Relation between conductance and the transmission coefficient

The interest in the transmission coeffici@nstems from its connection to the resistanke,
which is the inverse of the conductancg, of the linear segment. Landauer [15] has shown
that

2 T

G=%(1—T) ©)

while Economou and Soukoulis [16] on the basis of the Kubo formula obtained

e2

G=—T. 7
— (7
The difference in the two expressions 61 and therefore foR, appears in the case of
an almost perfect conductoL (« L.), where the first expression gives for the resistance

R=1/G

Th , 4 mh 2L
R:?(eL/L(—l):?L—C (8)

which is the classical result (taking into account that = 4¢, where{ is the mean free

path), while the Economou—Soukoulis formula tends tge?. The reason for this difference

is that the current—field relation is not local for ballistic transport, i.e. whew L., and,

as a result, the resistance of the segment depends on how it is connected to the circuit and
on what is happening outside the segment. Because the Economou—Soukoulis version of
the Landauer formula, equation (7), predicted a finite resistance for a ‘perfect’ conductor,
several researchers [17] questioned the validity of equation (7) and some, including Landauer
himself [18], rejected it. It is now well understood that for two-probe measurenigistbest
described by equation (7). Recent experiments [19] in quantum lines have shown plateaus
in the conductance at values equaht@/mh (n =1,2,...,n) corresponding to 12, ..., n
one-dimensional channels reaching the saturation vale?.
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Quasi-1D systems, of parallel coupled 1D channels, have also been studied extensively
because they describe, onthe one hand, the important cases of wires or quantum lines, and on the
other hand, allow, through a scaling behaviour, reliable numerical studies of higher-dimensional
systems. Itis also worth mentioning 1D quasi-periodic incommensurable systems (e.g. simple
tight-binding models with diagonal matrix elements= ¢y coSmon) whereo is an irrational
number) which exhibit a behaviour intermediate between periodic and random systems [20]. In
particular, the quasi-periodic 1D system allows either extended (agiéh < 2) or localized
eigenstates (whey/ V > 2), whereV is the nearest-neighbour transfer-matrix element.

2.5. Scaling studies of the Anderson localization

Another approach, the so-called scaling approach, starts with the observation that wave
propagation in a simple tight-binding model must depend on a single dimensionless parameter,
namely the ratio}y /s¢, of the transfer-matrix element to the level mismatclie. The latter
is proportional to the standard deviation of the probability distribution of each diagonal matrix
elementg,. Next, one mentally divides the system into blocks (e.g. cubes) of ever-increasing
linear dimensiorl.. The question that arises is whether one can still define for each block two
quantities,V (L) ands (L) such that the ratid’ (L) /5 (L) fully characterizes the localization
properties of the system. Thouless [21] argues A} is essentially the level spacing, i.e.
8(L) = p~tL=¢, wherep is the DOS per unit volume, whilé (L) is the average change in the
energy levels when the boundary conditions in a block change from periodic to antiperiodic.
Furthermore, one can then show tiWaiL) = #/7, wherer is the time it takes for a particle to
diffuse from the centre of the block to its boundaty= (L/2)?/D, whereD is the diffusion
coefficient. Putting everything together and remembering Einstein’s relatien 2¢2p D
(where o is the conductivity) we obtain that the assumed single dimensionless quantity,
which fully characterizes the localization properties, is the dimensionless DC conductance
g = (rh/e?)G.

The g-function defined by

B =dlogg/dlogL (9)

which, if positive (negative) fol. > Lg, would imply thatG(L) — oo (zero) asL — oo,
i.e. that the eigenstates are extended (localized). Abratearak[22] argued thaif must
necessarily be a function gfonly (since there is a single parameter, nangelywhich controls
localization); furthermore, they assumed tHatas a monotonic function gf (an assumption
that was proved wrong in the presence of spin—orbit coupling). This assumed monotonicity
together with the limiting expressions ~ exp(—2L/L.) (wheng — 0) andg ~ o L¢2
(wheng — o0) leads to g8-function versus Iz as shown in figure 2 fodd = 1, 2, 3. For
d = 1,2 B is always less than zero. Hence by increasing decreasess becomes more
negative and thus one slides down towards strong localizatién-asoco

In the 3D case, one has to distinguish two possibilities.

(@) g > g. (g. is roughly estimated to be 0.024 [23]; values in the literature range from 0.01
right up to 0.50): thers is positive,g increases with increasirig, which leads to a further
increase ing and thus we move upwards along theurve towards extended states and
classical transport behaviour.

(b) ¢ < g.: inthis cases is negative and hence by increasibgve move towards strong
localization.
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d=1

Figure 2. The qualitative behaviour ¢f(g) = dlogg/dlogL for one, two and three dimensions.

2.6. Self-consistent theory of localization

Another approach [2—4] to the localization problem starts with the equation

5 A ! 10
T T T 2 / (Ciw/ Do) + k2 (10)

for the correction to the classical expressiog,for the conductivity which, as the frequency

o — 0, reduces to the Drude formula for the conductivity= ne?t/m. Equation (10) is
valid for largeg (near the classical regime) and is derived [2,4] by summing a subset of infinite
terms in the perturbation expansion tothese terms correspond to the so-called maximally
crossed diagrams). This equation can be reduced to a self-consistent one eithgofor
equivalently for the diffusion coefficier?) by replacingDy inside the integral byp (w). We

then have

1
dk— .
(2m)imhp / (—iw/D(w)) +k?
Note that in the localized regim@(w) — 0, and the ratiob(w)/w — Lf asw — 0.
Hence, equation (11) allows us to obtain the localization length (in the localized regime), the

correction to the conductivity (in the extended regime), andsthversus Ing curve over the
whole range.

D(w) = Do(w) — 11)

2.7. Potential well analogy

It has been noticed by Economou and Soukoulis [24] that the structure of the maximally crossed
diagrams as well as the form of equation (11) are mathematically identical to corresponding
quantities in the simple problem of a particle being scattered or trapped by a local potential
well. Thus, the localization problem (or at least the self-consistent approximation to it) can
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be mapped to that of a potential well (PW). The extent of the equivalent PW is proportional
to the mean free patht, and its depth is proportional t@o‘1£‘d. Thus, the recipe for the
potential well analogy is the following. For each particular energy and disorder determine the
mean free patli and the classical conductivity (the best way to do that is using the CPA).

In terms ofop and¢ construct the equivalent potential well. If this potential well sustains as a
ground state a bound state with decay lengththen the eigenstates of the disordered system
at this particular energy and disorder are localized with localization lebgtlf the PW has

no bound states, but gives rise to a state with scattering leéntitan the eigenstates of the
disordered system at this energy and disorder are extended but fluctuating up to a maximum
length scale equal to. Furthermore, the bound or scattering eigenstate in the equivalent PW
allows us to obtain the reduction in the conductivitydue to the weak or strong localization
effects, i.e. to obtaiw (L). Using the well-known results for the decay length of the lowest
bound state in a PW of depify and radiusk (L. ~ Vy*R~%in 1D; L. ~ R exp(li?/mVoR?)

in 2D; L. ~ RVp/(V — Vp) for V. > V = n?h?/8mR? in 3D) we obtain that all states are
localized in 1D and 2D withL, ~ ¢ ~ £ and L. ~ £ exp(m?hop/e?), respectively. In 3D,
localization appears only whexglE‘l exceeds a critical value, i.e. whéa? < C wheres is

the area of the surface of constant energy-space and the universal consténis estimated

to be equal to 8.96. For isotopic systess= 47 k2 and the condition for localization reduces

to the well-known loffe—Regel conditiok¢ < (C/4m)Y? ~ 0.84. In view of the fact that
bothL. andé ~ (V — Vg)~tas|V — V| — 0 for a PW, it follows that.. and¢ blow up with

a critical component equal to unity.

The potential-well-analogy theory permits explicit calculations of different properties such
as localization lengths, conductivities, mobility edges, etc, from quantities that can be obtained
from mean field theories such as CPA. We have demonstrated that the PW theory coupled with
the CPA is capable of producing results in quantitative agreement with independent, very
reliable numerical approaches, such as the transfer-matrix technique which will be discussed
in the next section. The advantage of the PW-CPA approach over numerical approaches is
its analytical nature which gives results, even for complicated quantities, relatively easily.
The PW-CPA approach has been applied to electronic localization with rectangular [24],
Gaussian [25] and binary [26] probability distribution, off-diagonal disorder [27], phonon
localization [28] and light localization [29] with considerable success.

2.8. Transfer-matrix techniques

The most reliable numerical technique [3, 31] for studying the localization problem, calculates
the longest localization length,,, for a quasi-1D system of coupled 1D channels arranged
either in planar geometry (a strip 1 channels for studying 2D systems) or in 3D geometry
(a wire of M x M channels of square cross section in order to study 3D systems). It turns
out that the quantity,, /M follows, to a reasonable accuracy, a single-parameter scaling law,
i.e. the quantityr,, /M is a function of onlyL./M or £ /M if we are in the localized or the
extended regime, respectively, whdrg & are the localization and the correlation length in
the M — oo limit. For 2D disordered systems (with no spin—orbit coupling and no external
magnetic field) there is a single curve in the/ M versud../M plane. In most cases, for large

yet numerically realizabléf’s, M/, versusM becomes a straight line the slope of which
determined.. (which may be many orders of magnitude larger tén For 3D disordered
systems and fok,, /M < 0.6, there is the lower branch of the universal curve, the behaviour
of which is similar to that described above. Bqi/M > 0.6, there is an upper branch of
the universal curve corresponding to extended states, the behaviour of which for large yet
realizableM is the following: 1, ~ M?/&’, where&’ is proportional to correlation lenggh
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The quantity¢, which can be easily determined from the present numerical method, is very
important because it is directly connected [31] to the DC conductivity over the whole range of
extended states up to the mobility edge by the simple relation

o (L) = (e?/h)(a/E +b/L) (12)

where L is the linear dimension of the system amdand b are numerical constants (>~
0.07+ 0.007 andb ~ 0.05+ 0.03).

It is worth pointing out that the probability distribution of the level spacing is different
for localized states (for which there is little or no level repulsion) and for extended states (for
which the level repulsion strongly reduces the low end of the probability distribution to zero).
This observation permits another numerical approach to the localization problem (based on
the level statistics) which has been used profitably in recent years [3, 32].

2.9. Fractal character of eigenstates

Explicit numerical results for the eigenstates in disord@relimensional systemd (= 1, 2, 3)

show very many fluctuations at various length scales. This suggests the possibility that the
eigenfunctions may be fractal objects at least between a lower and an upper length limit. Let
be an average interatomic distance (taken as the unit of ledgtig total number of atoms in
our system (so that = N is its linear dimension). Of the various fractal dimensionalities
D, defined,D; is of particular interest since it is directly related to the density autocorrelation
function and to the so-called participation numtier= (3 p,f)‘l which is a measure of the
number of sites over which the wavefunction is appreciapleis the probability of finding

the electron at the site Numerical [5] as well as field theoretical results show that the above
equation is obeyed witlh, ~ 1.7 +0.3 (at the mobility edge) as long dsnin < L < Lmax

The upper limiting lengthL 2« equalsL. (in the localized regime) and (in the extended
regime) while it becomes infinite at the mobility edge. It is not clear what the lower limiting
length is: possible candidates are the wavelengtin the mean free path (most probably

A). On the other hand, the variou3,’s are not the same, which by definition means that
the eigenstates in disordered systems are multifractal objects in thedatde < L. or &,
assuming, of course, that the parameters are such.tkatL. or &. An interesting physical
application [33] of the fractal exponebt, was proposed for the analysis of polaron formation
near a mobility edge. It must be pointed out that ihefractal exponent is related [34] to the
anomalous diffusion exponentby n = d — D».

2.10. Scaling in highly anisotropic systems

Most of the previous work involves isotropic systems. Recently, the problem of Anderson
localization in anisotropic systems has attracted considerable attention [7,35-37], largely due
to the fact that a large variety of materials are highly anisotropic. It was recently shown [7]
that in a highly anisotropic system of weakly coupled planes, states are localized in the
directions parallel and perpendicular to the plane at exactly the same amount of critical disorder;
this supports of the one-parameter scaling theory which excludes the possibility of having a
wavefunction that is localized in one direction and extended in the other two. However, several
issues regarding the relation between the conductances in different directions were raised. Most
importantly, the question of scaling of conductances and localization lengths was not resolved.
Although anisotropy is known not to change the universality and thus the critical behaviour of
the system, the exact form of the scaling function is expected to depend on the anisotropy in the
form of anisotropic physical parameters such as anisotropic hopping integrals or geometrical
ratios.
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Extending the scaling argument to an anisotropic system, we assume that the logarithmic
derivative,8;, of the dimensionless conductangg,in any direction will be a function of the
conductance in that direction as well as other directions,

_dlogg e
/3i - dloga _ﬁl({gl}) (13)

whereu is an appropriate length scale. All thebecome relevant scaling parameters. All other
physical quantities, such as anisotropic hopping integrals or anisotropic geometrical shapes,
should enter only through the conductangesExactly the same argument can be applied to

the scaling function of localization length, obtained from transfer-matrix calculations with a
quasi-1D geometry of cross sectidfy x My,

Ai(Mj, My) _ (Mj Mk) (14)
&i

where %, is the finite-size localization length in the directiorand &, (I = 1,2, 3) is the
localization length for the infinite system. The fundamental assumption in equation (14)
is that localization lengths provide the only characteristic length scale. Once the characteristic
lengths are measured in terms of the localization lengths in the corresponding directions, the
scaling behaviour of the systems within the same universality class is governed by the same
equation.

In 2D systems, equation (14) can be written as

j §°\§
where f(x) = h(x)/x is the scaling function for isotropic systems. The transfer-matrix
method has been used [3, 31] to calculate the finite-size localization len@th) for many
M; (i,j =1,2) (M; = 24,48 96,120 150, 300) andW = 2-14 and severalandE, for
both directions. Figure 3 shows that the raw numerical data for hgtand.., for different
anisotropiest, different disorder¥, and different energied;, follow one universal curve, if
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Figure 3. The numerically determined scaling function for the 2D anisotropic system for different
anisotropic constants different energie¥ and disorde¥. The solid line through the data is
the 2D isotropic scaling function. Theaxis is;A;(M;)/& M, while thex-axis isM; /¢;. The
indicesi andj may represent either the parallel or the perpendicular direction, respectively.
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Figure 4. The conductancé in units of¢2/ 1 of an anisotropic system x N versusM for
t = 0.1 andE = 0. Notice thatG along the two directions is exactly the same. The circles and
triangles plot the propagation along the short and long directions, respectively.

properly scaled with the localization lengths in the two directigpsind,. The solid line
through the data in figure 3 is the 2D isotropic scaling function. This is a direct confirmation
of the scaling relation, equation (15).

Animportant consequence of equation (15) is that at the critical point, if any, the geometric
mean of the ratio of the finite-size localization length to the cross section width is a constant.
This was indeed found [7] to be true but interpreted instead as a result of possible conformal
invariance. We point out that at the critical point, the geometric mean of the conductances
along the different directions may not be a constant. This behaviour of the conductances is
different from that ofs,, /M and needs further study for its complete understanding.

To further test the scaling idea, the conductancén the two different directions for
an anisotropic system has been calculated [38]. The multichannel Landauer formula [16],
G = (¢?/h) Tr(¢'t), wherer is the transmission matrix, has been used. With anisotropic
hoppings, one should choose a geometry other than the square, such that the conductance is
the same in all the directions, and then scale up the size of the system [37]. The conductance
should remain isotropic if one-parameter scaling theory is correct [35]. This idea has been
tested in a 2D system with = 0.1. The ratio of the two localization lengths was found
to be 10 atW = 3.6. The system of a rectangle of si2¢ x N has been scaled up by a
factor of four and, from figure 4, one can clearly see that although the conductance becomes
extremely small it remains isotropic, in agreement with the predictions of the one-parameter
scaling theory [4, 35]. For a square geometry and with the same parameters as in figure 4, the
conductances in the two directions would diverge rapidly as the system size scales up.

An extensive numerical study [38] of the scaling properties of highly anisotropic systems
was performed. Scaling functions of isotropic systems are recovered once the dimension of
the system in each direction is chosen to be proportional to the localization length. In the
localized regime, the ratio of the localization lengths is proportional to the square root of the
ratio of the conductivities which, in turn, is proportional to the strength of the anisotropy
(i.e.£. /& ~ 1). Recall that in the extended regime [4, 7] the ratio of the correlation lengths
is proportional to the ratio of the conductivities (i&./&, = o1 /oo ~ 1/t?). It was also
shown that the geometric mean of the localization lengths is a function of the geometric mean
of the conductivities. Finally, it was shown numerically that the conductances along the two
different directions of the anisotropic system are the same, provided that the dimensions of the
anisotropic system are proportional to the localization lengths in the corresponding directions.
This procedure can be easily used in other anisotropic systems.
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2.11. Metal-insulator transition in 2D disordered systems

As we have discussed above, the scaling theory of localization predicts that all the states are
localized in a disordered 2D system. Thus, for the last two years it was generally believed
that 2D disordered systems, in the absence of a magnetic field, do not undergo a metal-to-
insulator transition, even at 0 K. Experiments [39] performed some considerable time ago in
the 1980s generally confirmed the predictions of the scaling theory. However, in a series of
recent experiments Kravchenkbal [8] reported evidence for a metal-to-insulator transition

in a 2D electron gas in zero magnetic field. The new ingredient in these recent experiments [8]
on MOSFETSs is the much higher electron mobilities than in the experiments in the 1980s. The
experimental reports for the 2D metal-to-insulator transition have created a lot of excitement in
the community and both theorists and experimentalists are working hard to understand this new
unexpected behaviour of a 2D strongly interacting disordered system. Although the scaling
theory of localization has had great success over the last two decades, it now appears that
electron—electron interactions must play a very important role in 2D systems. We feel that this
is one of the most interesting and challenging problems in the field of electronic disordered
systems.

3. Summary

Inthis article we have reviewed some of the recent developments in the theory of non-interacting
electrons in disordered systems. Particular emphasis has been placed on the discussion of the
universal features of the electronic density of states in disordered systems. An exponential
behaviour of the DOS is exhibited over many decades. The role of the disorder is, first, to shift
the band edge by an amount proportionaltg which is given by second-order perturbation
theory or by the CPA. Once the energies are measured relative to the CPA band edge, all
the physical quantities of interest, including DOS, are quasi-universal, provided that the
length and energy, scaled relative to disorder-dependent units of energy and length, are small.
Next, the weak-interaction regime or the interference effects of the localization theory were
presented. The interference between a closed Feynman path and its time-reversed path gives
the unexpected result that= 2 is the marginal dimension for localization. Another dramatic
effect of the weak localization in disordered electronic systems occurs when a magnetic
field is applied, in which case the theory predicts a negative magnetoresistance. Then, the
scaling theory of localization, the self-consistent theory of localization and the equivalence of
localization in arandom potential to the existence of a bound state in a potential well were briefly
presented. The potential-well analogy (PWA) facilitates explicit calculations of the localization
lengths, conductivities, mobility edges, etc, from quantities that can be obtained from mean-
field theories, such as the CPA. It was shown that the PWA coupled with the CPA is capable of
producing results not only in qualitative agreement but also in quantitative agreement with an
independent numerical approach. The advantage of the PWA—CPA approach over numerical
approaches is that it is analytical and gives results relatively easily, even for complicated
guantities. The PWA method was applied to 3D systems by modelling the disorder using a
Gaussian, a rectangular, and a binary distribution for the random site energies. The numerical
results for the DOS exhibit the quasi-universality expected from the analytical arguments
(white-noise model). However, the trajectory in the energy-disorder plane of the mobility edge
depends on the type of probability used. It is also discussed that the electronic wavefunctions
in disordered systems are very complicated quantities. Explicit calculations have shown that
the wavefunctions have strong amplitude fluctuations of various spatial extents. In particular,
exactly at the mobility edge the wavefunctions can be characterized by fractal dimensionalities
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and in this sense they are fractal objects for all length scales, while they are fractal-like for
lengths up to the localization (correlation) length for localized (extended) states, respectively.
What we learned about the wave nature of electrons in disordered systems should enhance our
understanding of the propagation of classical waves. Finally, a few remarks are included about
the metal-to-insulator transition in strongly interacting systems.

Acknowledgments

Ames Laboratory is operated for the US Department of Energy by lowa State University
under Contract No W-7405-Eng-82. This work was supported by the Scalable Computing
Laboratory of Ames Laboratory, the director for Energy Research, Office of Basic Energy
Sciences, NATO Grant No CRG 940647. This work was also supported in part by EU grants
andITIENEA Research Grants from the Greek Secretariat of Science and Technology.

References

1] Andersa P W 1958Phys. Rev1091492
2] Lee P A and Ramakrishmal V 1985Rev. Mod. Phys$7 287
3] Kramer B and Mackinnon A 199BRep. Prog. Phys56 1469
4] Vollhardt D and Wolfle P 199 lectronic Phase Transitioresd W Hanke and Yu V Kopaev (New York: Elsevier)
ch1,p38
[5] Soukouls C M and EconomoE N 1984Phys. Rev. Let62 565
[6] Soukoulis C M, Wang X, Li Q and Sigalas M 19%%hys. Rev. LetB2 668
[7] LiQ, Soukoulis C M, Economo E N and GresG S 1989hys. RevB 402825
Zambetaki |, Li Q, EconomoE N and Soukousi C M 1996Phys. Rev. Letf7/6 3614
Zambetaki I, Li Q, EconomoE N and Soukousi C M 1997Phys. RewB 56 12 221
[8] Kravchenko SV, Simonian D, Sarachik M P, Mason W and Furreald 1996Phys. Rev. Let#77 4938
Simonian D, Kravchenk S V and SarackiM P 1996Phys. Rev. Let792304
[9] Mott N F and Davis E A 197Electronic Processes in Non-Crystalline Materié®xford: Oxford University
Press)
[10] Urbach F 1953hys. Rewd2 1324
[11] Cody G D 1984Semiconductors and Semimetaté 21B, el B J Pankove (New afk: Academic) p 11
[12] Economou E N, Soukoulis C M, CohéM H and Zdetss A D 1985Phys. RevB 316172
Cohen M H, Economo E N and Soukouti C M 1985Phys. Re\B 328268
Cohen M H, Soukousi C M and Economo E N 1985Physics of Disordered Materiaksd D Adleret al (New
York: Plenum) p 305
[13] Economai E N 1983Green’s Functions in Quantum Physi2zsd edn (Heidelberg: Springer)
[14] John S, Chou MY, ColreM H and Soukoul C M 1988Phys. Re\B 37 6963
John S, Soukoulis C M, CoheM H and Economo E N 1986Phys. Rev. Letb7 1777
[15] Landauer R 1951BM J. Res. Devl 223
[16] Economa E N and Soukousi C M 1981Phys. Rev. Let?16 618
Fishe D S and Lee P A 198Phys. Re\B 23685
[17] Thouless D 198Phys. Rev. Let?d7 972
Economal E N and Soukoudi C M 1981Phys. Rev. Letd7 973
[18] Store A D and Szafer A 1988M J. Res. Dev32 384
Landauer R 198Phys. LettA 8591
[19] Kramer B and Schon G (ed) Anderson transition and mesoscopic fluctuBliysgaA 167 1-314
[20] Sokolof J B 1985Phys. Rep126189
Soukouls C M and Economo E N 1982Phys. Rev. Letéd8 1043
Zdetsis A D, Soukousi C M and Economo E N 1986Phys. RevB 334936
[21] Thoules D J 1974Phys. Rep1393
[22] Abrahams E, Anderson P W, LicciardeID C and RamakrisimaT V 1979Phys. Rev. Letd2673
[23] Kaveh M and MotN F 1987Phil. Mag. 559
[24] Economa E N and Soukoui C M 1983Phys. Re\B 281093
Economal E N and Soukoudi C M 1984Phys. RevB 30 1686



(25]
(26]

(27]

(28]
(29]

(30]
[31]
(32]
(33]
[34]
(35]

[36]
[37]

(38]
(39]

Electronic localization in disordered systems 269

Zdetsis A D, Soukoulis C M, EconoracE N and GresG S 1985Phys. RevB 327811
Soukoulis C M, Zdetsi A D and Economo E N 1986Phys. RevB 342253
Soukoulis C M, EconomoE N and GresG S 1987Phys. RevB 36 8649

Soukouls C M and GresG S 1991Phys. RevB 44 4685

Soukoulis C M, Li Q and GrésG S 1992Phys. RevB 457724

Soukouls C M and EconomoE N 1981Phys. RevB 24 5698

Soukoulis C M, Webman I, Gre§& S and EconomoE N 1982Phys. RevB 26 1838
Li Q, Soukouls C M and EconomoE N 1988Phys. RevB 37 8289

Li Q, Soukouls C M and GresG S 1990Phys. RevB 4111713

Soukoulis C M, Economou E N, GreG S and Cohe M H 1989Phys. Rev. Let62575
Soukoulis C M, Datta S and Economé& N 1994Phys. RevB 493800

MacKinnon A and Kramer B 198Rhys. Rev. Letd7 1546

Economou E N, SoukowdiC M and Zdetsi A D 1985Phys. RevB 31 6483
Zharekeshel K and Kramer B 199Phys. Rev. Let?9 717 and references therein
Cohen M H, Economo E N and Soukousi C M 1983Phys. Rev. Letb1 1202
Huckestein B 199Rev. Mod. Phys$7 357 and references therein

Wolfle P and BhatR N 1984Phys. RevB 303542

Bhatt R N, Wblfle P and Ramakrishmal VV 1985Phys. RevB 32569

Xue W, Sheng P, GhQ J and Zhag Z Q 1989Phys. Rev. Let632837

Xue W, Sheng P, GhQ J and Zhag Z Q 1990Phys. RevB 424613

Chu Q J and ZhamZ Q 1993Phys. RevB 4810761

Apel W and Rie T M 1983J. Phys. C: Solid State Phys6L1151

Li Q, Katsoprinakis S, EconomoE N and Soukoudi C M 1997Phys. RevB 56 R4297
Bergmann G 198#&hys. Repl071



